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ABSTRACT 
Recent advances in .activated sludge facilities operations 
utilize sludge recycle flow rate control to minimize adverse 
effects on the clarifier during peak solids loading situations. 
Although this control action is directed at the thickening function, 
there has been speculation that the elevated recycle rates may be 
responsible for an increased effluent solids concentration. 
To evaluate the significance of recycle rate to the steady-state 
effluent suspended ~olids concentration, identical side-by-side 
settling columns were operated with recycle rates spanning the 
range of normal practice. The studies were conducted so that each 
side-by-side unit received identical activated sludge feed slurries. 
Replicate experimental units operating at identical recycle rates 
and receiving identical feed slurries were used to determine 
experimental error. 
The expe~imental design facilitated a statistical determination 
of the significance of the effect of recycle flow rate. An analysis 
of va~iance procedure was pursued, with the conclusion that recycle 
rate does, in fact, influence suspended solids removal. Ramifications 
for facilities design and operation is also reviewed. 
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CHAPTER I 
INTRODUCTION 
Requirements for wastewater treatment have been established 
to protect the public well-being and to preserve and enhance the 
quality of the nation's water resources. Like most specific components 
of reclaimed water, the amount of suspended solids is limited by 
the Water Pollution Control Act Amendments of 1972. Thus, removal 
of suspended solids is a primary water quality management objective. 
More recently, many state and local authorities have declared 
effluent quality standards which are more stringent than secondary 
standards. These declarations have been in response to growing public 
concerns of their surrounding environment. As a result, the need for 
highly efficient wastewater treatment systems has intensified. 
The activated sludge process has been, and continues to be, the 
primary method to treat municipal wastewater. The process relies 
on phase conversion and solids-liquid separation for removal of 
undesired organic materials. The phase conversion step consists of 
an autocatalytic reaction in which the organics in the raw wastewater 
are contacted with a microbial · population to yield an increased 
microbial biomass with a corresponding reduction in soluble organics. 
The microbial solids are physically separated fro~ the liquid to 
achieve the intended reduction· in waste strength. 
2 
For the activated sludge process, gr~vity sedimentation· in 
the f i n a 1- c 1 a r i f i er i s no rma 11 y used as the means f o r the so 1 i d s -
liquid separation. The clarifier effluent is normally chlorinated 
and discharged to receivi·ng waters. However, in some cases~ the 
effluent is subjected to tertiary treatment when a high quality 
effluent is desired. The clarifier underflow contains the 
concentrated microbial biomass. A portion of the biomass is wasted 
for process control. The remainder of the biomass is recycled to 
the front of the activated sludge process. Without the recycle flow 
. -from the clarifier, the treatment process would not be possible-
From the preceding discussion, it becomes apparent that solids 
removal by gravitational sedimentation in the final clarifier is an 
integral step of the activated sludge process. Inefficient performance 
of the final clarifier can degrade the quality of the effluent as well 
as hinder the economical and efficient performance of the process. 
The operator of the activated sludge process has relatively minor 
control of the operation of the clarifier. When the operator is 
presented with an overload condition at the clarifier, increasing 
the recycle flow rate may be the only means to compensate for 
overloaded conditions. 
Although many factors identified in the . literature may be 
expected to influence clarification efficiency of the final clarifier, 
the effects of recycle flow rate is a subject of disagreement. 
3 
Since recycle flow rate is important to the design and operation of 
the activated sludge process, it was selected . for experimental 
analysis of its significance on effluent suspended solidso 
CHAPTER I I 
BACKGROUND 
Activated Sludge Systems 
A schematic diagram of the activated sludge process is presented 
in Figure 1. The influent wastewater flow is designated as Qi. 
After biological oxidation in the aeration basin, the wastewater is 
passed to the final clarifier. The effluent flow rate, Qe, is equal 
to the difference between the influent and waste sludge fl ow rate, 
Qw. If Qw is neglected, then Qe is approximately equal to Qi. 
Besides effluent and wastage flow, the sludge recycle flow, Qr, also 
exits the final clarifier and is returned to the activated sludge 
ae rat i on bas i n . 
The final clarifier of the activated sludge process serves 
----
several functions: (1) clarification, (2) thickening, and (3) 
biosolids storage. The clarification function is vital to the 
overall performance efficiency of the activated sludge process. It 
has been estimated that each milligram of suspended solids lost in 
the effluent increases the effluent biological oxygen demand (BOD) 
by about 0.6 milligrams (Dick 1970) . .In addition to BOD loading 
of receiving waters, poor clarification and loss of solids ·in the 
effluent may reduce the suspended solids concentration of the return 
and waste sludge streams from the clarifier. Of course, low solids 
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capture represents inefficient operation of any solids handling 
process . . Therefore, designing clarifiers to avoid clarification 
failure is important for efficient operation as w.ell as reducing 
adverse effects to the environment. 
The consequence of inadequate performance of the thickening 
function is more complex. Thickening refers to an increase in 
suspended solids concentration in the underflow stream, whereas, 
clarification refers to removal of solids from the effluent. The 
improper design for the thickening function of final settling tanks 
can also lead to direct deterioration of effluent quality. 
In the case of thickening failure, solids may be lost in the 
effluent because the settling basin lacks adequate capacity for 
conveying solids to the bottom of the basin. Under dynamic loading 
conditions, sufficient clarifier volume may not be available to 
provfde storage of the so 1 ids · transferred from the aeration bas in 
during elevated flow conditions (Keinath et al. 1977). In addition 
to loss of solids in the .effluent, poor thickening may affect other 
unit processes of the overall activated sludge process. Maintaining 
a suitable inventory of microorganisms in the biological reactor is 
necessary in order to achieve satisfactory removal of soluble organic 
materials in an activated sludge process. In all cases, maintaining 
the microorganism inventory is accomplished by recycle of thickened 
clarifier underflow. However, if the recycle solids are inadequately 
thickened, increased recycle rates are necessary to transfer an 
7 
equivalent mass of a well thickened underflow. Consequently~ proper 
thickening of .the biosolids in the secondary clarifier prior to 
recycle is mandatory in order ·to achieve successful and efficient 
operation of the biological process. Furthermore, thickening can 
have a profound effect on the economics of sludge processing 
operations due to pumping expenses. 
Closely related to thickening is the final settling basin's 
function for biosolids storage. In practice, large volumes of 
biosolids can be stored for some time in the final settling basin, 
if adequate space is available. When influent flow rate increases 
diurnally, an increase of solids may be transferred t6 the final 
clarifier and stored temporarily if the recycle rate remains 
constant. However, where space is not available, an increased recycle 
rate may be employed to prevent solids transfer to the clarifier. 
This control action is te-rmed biosolids inventory control. 
Review of Relevant Literature 
Thickening Theory 
Traditionally, thickening has been analyzed as though it 
occurred in two distinct steps. Dick and Ewing (1967) have suggested 
the first stage is zone settling and is completed when the compression 
point is reached. The compression point is d.efin'ed as the point when 
particles begin to rest on one another. The authors add that the 
settling characteristics of the suspension in the first phase are 
8 
considered to establish the area required for thickening, and the 
consolidation characteristics of the suspension in the second stage, 
the compression stage, are considered to establish the required volume 
of a. thickener. 
The most recent model for thickening during gravity sedimentation 
is based on earlier work by Coe and Clevenger (1916). Their most 
useful contribution to modern thickening practices was to introduce 
the concept that each concentration of a suspension has a certain 
capacity to discharge the solids. To concl~de this, they conducted 
batch settling tests at different slurry concentrations, and then 
calculated the solids handling capacity at each test concentrationo 
The capacity was defined as the mass of solids per unit area per unit 
time that can be discharged in the underflow and, therefore, is 
equivalent to a solids flux. Since the flux was observed to vary 
as a function of concentration, some minimum value could be identified 
and used for design of thickener surface area. 
Based on the contributions of Coe and Clevenger, 
developments by Dick (1970) and Dick and Ewing (1967) with respect 
to the solids thickening function of final clarifiers in the activated 
sludge process altered existing design procedures. Their advancements 
considered system interactions between the aeration basin and final 
clarifier and have now come to be known as the solids flux approach. 
Although this approach is occasionally employed for system design, 
it is seldom applied to system operation. 
9 
Theory of Solids Flux Approach 
Several authors have refined the solids flux theory, however, 
they are all in agreement of the basic ideas. Therefore, terminology 
presented by Keinath et al. (1977) will be used in this presentation 
of the solids flux theory. In continuous thickening, solids are 
transported downward by two velocity components: (1) gravity 
settling and (2) bulk transport due to solids removal at the bottom. 
At any horizontal cross-section, the mass flux due to gravity (termed 
the settling flux, Gs) is defined as the product of the solids 
concentration and settling velocity, or: 
G = C * V (1) s 
where Vis the zone settling velocity at concentration C. The mass 
flux due to the underflow (termed the bulk flux, Gb) is equivalent 
to the product of the solids concentration and the bulk underflow 
withdrawal velocity, or: . 
Gb = C * U (2) 
where U is the bulk underflow'withdrawal velocity, (Qr+ Qw)/A. The 
tot'al mass flux (termed the total transport flux) is given by the 
sum of the two components: 
Graphically, the two flux components can be represented as 
indicated in Figure 2. The bulk flux is a straight line due to a 
(3) 
10 
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fixed underflow velocity over a range cif concentrations. The settling 
flux curve may be constructed with · data from batch settling tests using 
different initial concentrations of the suspension. The suggested 
procedure for conducting laboratory batch settling tests is given 
by Vesilind (1968). 
When both flux components are summed, the total transport flux 
can be represented as indicated in Figure 3. Note that a minimum 
in the total flux curve is observed. This minimum flux is designated 
as the limiting fluxj GL' which is the maximum solids flux that can 
be transported to the bottom of the clarifier. Hence, the limiting 
flux establishes the solids handling capacity of the clarifier. 
Since the settling flux becomes zero at the bottom of the 
clarifier, all sol ids are removed by the bulk flux. Therefore, if a 
horizontal line is drawn tangential to the minimum of the total flux 
curve, it will intercept the bulk flux line at the underflow 
suspended solids concentration, as illustrated in Figure 3. 
The operating lines for an activated slud·ge process are 
illustrated on the settling flux plot in Figure 4 . . The overflow 
rate line (line A) has a slope equal to the clarifier overflow 
velocity, Qe/A, where A= surface area of the clarifier. The 
u n de r fl ow rate 1 i n e ( 1 i n e B ) has a s 1 ope .e qua 1 to the u n de r fl ow 
velocity, (Qw + Qr)/A. 
Upon further examination of Figure 4, various system 
concentrations may be identified. The point where the overflow 
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operating line and underfiow operating line intersect is ref~rred 
to as the state point and corresponds to a concentration which is 
equal to the feed slurry concentration, Co. In an activated 
sludge process utilizing a complete mix reactor, this feed 
concentration is equal to the MLSS concentration in the reactoro 
The point where the underflow operating line intersects the 
concentration axis corresponds to the anticipated underflow 
concentration, Cu. Cl_ corresponds to the dilute blanket concentration 
which is defined by the intersection of the underflow operating line 
and the rising portion of the settling flux curve.- The dilute 
. 
blanket is a suspension of the feed particles within the water 
column of the clarifier and extends from the point of feed slurry 
introduction down to the thickened sludge blanket. 
As stated earlier, overloaded conditions with respect to 
thickening may result in propagation of a sludge blanket upward 
and lead to inefficient performance of the clarifier. Keinath et 
al. (1977) have recommended biosolids inventory control procedures 
which include adjustment of recycle rates to maintain underl-0aded 
conditions in the clarifier. When adjustments of this nature occur, 
the concept of state point control ·has been utilized. 
To further illustrate the utility of the state point concept, 
consider the following example. Assume that an activated sludge 
clarifier is operating under the conditions presented in Figure 5 
with the state point represented by point A. Due to normal diurnal 
flows, there may be substantial increases in influent fl ow for 
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extended periods of timeo As a result of this increase in hydraulic 
and solids loading, the first effects observed at the clarifier would 
be an increase in overflow rateo This effect would translocate state 
point A (in Figure 5) to a new position (point B). The slope of the 
underflow rate line would not be changed as long as no operator action 
was implemented, thereby causing the underflow line to pass above the 
settling flux curve, as illustrated by the dashed lineo At this 
point in time, the state point concept indicates an overloaded 
condition at the clarifier with respect to thickening. This overload 
could be resolved by increasing the recycle rate flow such that the 
underflow operating line is rotated to a point tangent to the settling 
flux curve. If the overloaded condition persisted for a sufficient 
duration, the sludge blanket may rise in the clar1fier to a point 
where blanket scour occurs and solids pass over the weir. 
Due to -the changing influent flow as in the hypothetical example, 
the state point concept may be utilized to maintain biosolids 
inventory and to prevent the loss of solids in the clarifier 
effluents. Recycle control measures may also be practiced to 
respond to changing sludge settling characteristics. 
Factors Affecting Clarification Efficiency 
Historically, t~e role of overflow rate to clarification 
efficiency is well established from both a theoretical (Hazen 
1904) and experimental standpoint (Cashion and Keinath 
1983 and Tuntoolavest et al. 1983). Using discrete and flocculent 
17 
slurries, it has been demonstrated that a reduction of suspended 
solids removal efficiency is associated with an increase in overfl.ow 
rate. More recently, however, Dietz and Keinath (1984) reported 
that, when using flocculent calcium carbonate slurries, clarifier 
performance was only marginally affected by the overflow rateo This 
finding seems tq conflict with accepted design practice, in which 
primary consideration is given to clarifier overflow rates. 
Detention time has long been recognized as an important .design 
variable for clarification. The work done by Tuntoolavest et al. 
(1983) using an activated sludge pilot plant revealed that effluent 
suspended solids are inversely related to detention time. This 
finding is in agreement with other reported studies (Dietz 1982', 
Dietz and Keinath 1984). Because the overflow rate and detention 
period are inversely related for a basin of fixed geometry, a decreas~ 
in the detention period is associated with an increased overflow rate 
for a clarifier of constant dimensions. Dietz and Keinath (1984), 
who conducted clarifier experiments that used independent control 
of overflow rate and detention period, suggest that the widely 
accepted relationship between performance and overflow rate may be 
explained in terms of the associated effect on detention period. 
For a system with .a well-defined dilute blanket, the depth of the 
feedwell in the settling basin determines the detention time in the 
· clear zone. By decreasing or increasing its depth of submergence, 
the _ detention time above the feed point can be decreased or increased, 
respectively. Dietz (1982) reported that clarifier performance is 
18 
strongly related to the detention period in the clear zone above the 
feedwelle He suggests that this dependence is attributed to 
flocculation of suspended materials in this region of the clarifiero 
In addition, Laquidara and Keinath (1983) suggest that _clarification 
failure proceeds by the propagation of the dilute blanket upward 
from the feed point. If this is the case, the capacitance against 
clarification failure can be increased by increasing the depth of 
submergence of the feedwell, as well as the depth of the clarifier 
itself. 
Up to this point, the literature review of factors affecting 
the performance of final settling basins has been limited to those 
which pertain to the basin geometry. In addition, a host of factors 
exist which are ·related · to the operation of the activated sludge 
process. 
In the complete mix activated sludge process, the final clarifier 
feed slurry concentration is equivalent to the mixed liquor suspended 
solids (MLSS) concentration. Experimental studies have been pursued to 
evaluate the effect of feed slurry concentration ~n clarifier 
performance (Tuntoolavest et al. 1983, Chapman 1983, Pflanz 1968). 
Chapman (1983), using activated sludge pilot plant studies, reported 
an increase in effluent suspended solids by as much as 4 mg/l for each 
g/l increase in MLSS concentration. 
Pflanz (1968) also observed that the concentration of suspended 
solids in the effluent from the three full scale settlers increased 
as the MLSS concentration increased. Tuntoolavest et al. (1983) 
19 
concluded that the MLSS concentration exerted a major effect on the 
concentration of suspended solids in the effluent of the final 
clarifier. They determined that 87% of the variability in effluent 
solids was accounted for by the air flow rate/MLSS concentration 
interaction. Although results from the study confirm the importance 
of MLSS concentrations, they suggest that velocity gradients at high 
air flow rates shear the biological floes. 
Variable sludge settling properties of an activated sludge 
process also affect the final settling basin performance. Cashion 
(1981) concluded that both sludge age and hydraulic residence time 
significantly influence performance .of the activated sludge final 
clarifier. However, this effect was reported to result in part from 
alteration of the biological characteristics of the slurry. Bisogni 
and Lawrence (1971) investigated the dependence of activated sludge 
settling properties on sludge age in a laboratory scale study 
conducted with ~ - synthetic ·substrate. Problems were observed at 
low values of sludge age (less than two days) ., with adverse settling 
characteristics which were indicated by a large sludge volume index, 
high percentage of dispersed solids and excessive effluent suspended 
solids. At a sludge age of nine days, they reported the occurrence 
of pin floe. Operation within the recommended range (two to nine 
day sludge age) would minimize the effluent suspended solids while 
maintaining favorable settling properties. 
Experimental studies relating clarifier performance to sludge 
recycle rate from the final clarifier are uncommon. The published 
20 
information is not conclusive, with contradictory results reported .. in 
some caseso Therefore, it is clear that no consistent views 
concerning recycle rate and clarifier performance existo 
Using ah activated sludge pilot pl ant, Tun tool aves t et al o 
(1983) investigated the effects of recycle ratio on clarifier 
performance and observed effluent quality to be influenced by an 
interaction of turbulence level in the aeration basin and recycle 
ratio. At low air flow rate, an increase in sludge recycle rate 
reduced effluent solids. In contrast, however, at high air flow 
rate, an increase in sludge recycle rate increased the suspended 
solids concentration in the effluent. Furthermore, it was suggested 
that air flow rate plays an important role in floe formation and 
break-up and that this effect may be responsible for the results. 
Tuntoolavest et al. (1983) concluded from the data that an increase in 
sludge recycle ratio increases effluent solids at high turbulence 
levels. The sludge recycle ratio range was from 30% to 80%. 
Chapman (1983) reached contrasting conclusions when collecting 
data from a test settler which was settling activated sludge from a 
conventional activated sludge pilot plant. The feed rate and underflow 
rate of the test settler were varied independently, and the test 
settler itself was off-line from the actual pilot plant. Utilizing 
this system, Chapman, aided by regression analysis, concluded that 
recycle rate has no significant influence on effluent quality. 
However, the test settler revealed that an increase in feed flow rate 
21 
significantly influences effluent quality, and therefore, Chapman 
suggested that the net effect of increasing recycle rate for a 
conventional activated sludge system is to deteriorate effluent 
quality. 
Dietz (1982) investigated clarifier performance using a calcium 
carbonate slurry. In this study, it was concluded that the direct 
effects of recycle flow rate on clarifier performance were not 
statistically significant. However, it was shown that recycle 
rate influences dilute blanket concentration and that the dilute 
blanket concentration influences clarifier performance in a 
statistically significant manner. Consequently, the performance 
of the clarifier is expected to be sensitive to changes in the 
recycle flow rate. 
Cashion .et al. (1979) attempted to demonstrate the feasibility 
of instantaneou~ F/M control by employing a recycle rate control 
scheme and observed a deterioration of effluent quality with respect 
to suspended solids when recycle rates were increased. The experiments 
utilized a pilot-scale program which employed a · recycle rate control 
strategy for a system that was a modification of the activated 
sludge system represented in Figure 1. The pilot-scale system was 
equipped with a constant volume biosolids storage tank located in-line 
between the clarifier underflow and the aeration basin. The 
resulting process, therefore, was not equivalent to a complete mix 
system. The authors suggested that hydraulic transients imposed on 
22 . 
the final clarifier during F/M control strategies were the cause of 
deterioration of effluent with respect to particulates and these 
transients could be experienced during simple recycle rate controlo 
Finally, Pflanz (1968) performed experiments where the return 
sludge flow rate was varied at full scale operating activated sludge 
plants. He observed that when return sludge flow increased, up to 
a 200% recycle ratio, no important influence on the effluent quality 
could be ascertained. 
In summary, it is apparent that a disagreement concerning the 
effects of recycle rate exists within the literaturee The 
conclusions range from no influence on effluent quality to 
deterioration of effluent quality when recycle rate is increased. 
Thus, there is a need to investigate the effects of recycle rate on 
clarifier performance, and this investigation may lead to improvements 
of future design and operation of clarifiers. 
CHAPTER I I I 
RESEARCH OBJECTIVE 
Every day our precious water resources are being threatened 
by the rapid growth of industry, the runoff of highway and agricultural 
pollutants, and the irreversible expansion of modern society. As 
perpetual demands on our water are increasing, the shortage of this 
most essential resource is quickly becoming a reality. Thusj it is 
evident and most necessary that research and development be focused 
on conserving· and protecting this ha rd-to-rep 1 ace resource·. 
Operation of activated sludge treatment plants is one method 
of protecting our environment from the adverse effects of society. 
Unfortunately, however, the treatment is by no means 100% efficient. 
Most plants at some time have difficulty producing an effluent in 
compliance with federal discharge limits with respect to BOD and 
suspended solids. In fact, a study conducted by the Environmental 
Protection Agency in 1981, revealed that 46% of th~ activated sludge 
plants surveyed were not producing an effluent meeting federal 
requirements of secondary treatment with respect to suspended solids 
(U.S . . EPA 1981). 
Inefficient performance of the final clarifier is responsible 
for deterioration of the effluent with respect to suspended solids. 
In addition to increasing the turbidity of receiving waters, the 
effluent suspended solids may contribute a significant portion of 
23 
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the total BOD in the effluent from an activated sludge process (Dick 
1970, Benefield and Randall 1980, Keefer 1962)0 This contribution 
has led to undesirable consequences in the receiving environment 
(Hynes 1970). The most notable consequences would be depletion of 
oxygen needed to sustain aquatic organisms. Furthermore, the 
inefficient performance of the final clarifier may interfere with 
operation or control of other components of the treatment plant 
(Roper and Grady 1974). Inefficient clarification could make 
downstream filtration of the effluent difficult and poor thickening 
may lead to costly solids handling operations. 
After review of published experimental r~sults, it is evident 
that differing opinions concerntng the influence of underflow rate 
on the final clarifier performance exist, and that no general 
consensus of the subject can be recognized. Cashion et al. (1979) 
observed a deterioration of effluent quality when sludge recycle 
rate was increased. In contrast, however, Chapman (1983) ··and Pflanz 
(1968) reported that recycle rate had no influence on effluent quality 
with respect to suspended solids. 
Using the solids settling flux approach and the state point 
concept, Keinath et al. (1977) have advocated recycle rate control 
as a means of biosolids inventory control to maintain proper thickener 
performance. In addition, the settling flux approach has .been 
employed to define overflow rate and recycle rate for design purposes. 
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Given that recycle rate control is advocated as a means to 
avoid thickener . failure via biosolids inventory control, and that 
published experime~tal results concerning the effects of recycle 
rate are not consistent, it is essential to define the effects of 
recycle rate on effluent qua~ity with respect to suspended solids. 
With this in mind, the objective of the research program is to 
determine the significance of recycle rate to clarification 
performance of the final settling basin. An experimental program 
has been developed to provide th~ necessary data to address this 
objective. 
CHAPTER IV 
EXPERIMENTAL PROGRAM 
Preliminarx Settling Flux Curve Identification 
One of the first steps of the experimental program was to 
identify the settling flux characteristics of the activated 
sludge which was to be used for the clarifier experimental analysis; 
The purpose of this was to define operating constraints which the 
clarifiers would not be able to tolerate. It also aided in 
constructing the experimental program. 
Batch settling tests were performed using activated sludge 
from the aeration basin of the University of Central Florida (UCF) 
sewage treatment plant. This test involved mixing a batch of the 
activated sludge in a contai~er 90 cm tall and 17 cm i~ di~meter, 
and then recording the change in height of the solids-liquid interface 
with time. The data was plotted to obtain a typical · curve as shown 
in Figure 6. From this figure, the initial solids, settling velocity 
could be .determined by estimating the slope of the initial linear 
portion of the curve. The concentration of the batch .suspended solids 
was determined to establish one data point for modeling the 
relationship between settling velocity and slurry concentration. This 
procedure was repeated for different concentrations of mixed 1 iquor 
suspended solids, as summarized in Table 1. 
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Figure 6 . . Plot of Solids-Liquid Interface Height Versus Time for 
Batch Settling Test Data. 
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TABLE 1 
DATA OBTAINED FROM BATCH SETTLING 
TESTS OF UCF ACTIVATED SLUDGE 
CONCENTRATION SETTLING VELOCITY 
(kg/cu m) (m/day) 
2.690 51.09 
3.244 35 0 21 . 
3.870 9o65 
4.057 17072 
5.260 2e91 
The next step for determining the settling flux curve involved 
utilizing the data obtained from the batch settling test to estimate 
parameters in a model which defines activated sludge settling velocity 
as a function of concentration. A model proposed by Vesilind (1968) 
was selected: 
V = V0 EXP(-KC) 
where: 
V = settling velocity (m/day) 
v
0 
= parameter to be estimated (m/day) 
C = concentration of mixed liquor solids (kg/c~ m) 
K = parameter to be estimated (m3/kg) 
(4) 
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Using the natural logarithm form to linearize equation (4): 
ln V = ln V0 - KC (5) 
a figure can be gen~rated which represents the ln of V versus 
concentration of mixed liquor, as shown in Figure 7. Consequently, 
from this figure, V and K could be estimatede For the UCF activated 
0 
sludge, V0 and K were 7.06 m/day and 
Next, defining 
Solids flux = G = 
= 
3 1.13 m /kg~ respectively. 
vc (6) 
V0 C [exp (-KC)] ( 7) 
and using the estimated values of V0 and K, the settling flux plot 
can be generated. Figure 8 is the settling flux curve characteristic 
of the activated sludge from the UCF sewage treatment plant. 
The· above procedures were pursued prior to selection of a 
state point and operating constraints to be used with the experimental 
program. Experimental conditions were selected to preclude the 
develqpment of solids overloaded condition. To illustrate the 
selection of a state point, consider the following example using a 
settling flux curve as in Figure 8. Since the aeration basin MLSS 
concentration at the UCF plant was determined to be approximately 
2.lO kg/m3, this value was anticipated for the duration of the 
experimental program. For any desired overflow rate, the state point 
(point A) is located on the overflow operating line corresponding 
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Intercept = ln (V ) 
0 
Slope = -K 
Suspended Solids Concentration 
Figure 7. Plot of ln (V) Versus Suspended Solids Concentration 
Using Data from Series of Batch Settling Tests. 
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to a feed concentration of 2o70 kg/m3, as in Figure 9o For the 
given overflow rate and feed concentration, the minimum required 
underflow rate to be used without experiencing a thickening 
overload in the clarifier can be identified by construction of a 
line passing through the state point and tangent to .the settling 
flux curve, as illustrated in Figure 9. 
Description of Experimental Design 
An experimental design was developed to evaluate the significance 
of recycle rate with respect to clarifier performance. Side-by-side 
experimental units were utilized to generate paired data. In this 
way, all other parameters, such as overflow rate, detention time 
above feedwell, clarifier detention time, feed MLSS concentration, 
_and change in sludge characteristics over time were eliminated 
as variables. Recycle rate was the single parameter varied 
for each paired experiment. An eight-hour time period was assumed 
to be sufficient to reach steady-state conditions as supported from 
results of studies by Dietz (1982). 
The flux p,l ot presented in Figure 9 is constructed from actua 1 
data obtained from the batch settling tests using the UCF activated 
sludge mixed liquor. The slope of the overflow operating line in 
this figure · is equal to 8.15 m/day (200 gpd/ft2). This overflow 
rate was used for the duration · of the experimental p·rogram. 
Although this overflow rate is at the low range of normal practice, 
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it was chosen so that the overflow rate used would promote conditions 
favorable for clarification. Since an increase in overflow rate has 
been shown to increase effluent suspended · solids, it was felt that 
the lowest overflow rate allowable with respect to pumping capacity 
of the experimental apparatus would increase the clarification 
efficiency of the experimental settler. 
The feed MLSS concentration for each experiment was approximately 
. 3 2.70 kg/m as in Figure 9e However, some variation in feed 
concentration was experienced during the experimental program as 
control of the MLSS concentration in the UCF aeration basin was not 
possible by the researcher. 
Recycle rates used in the experimental program were determined 
as a percentage of the overflow rate and termed recycle ratio. For 
the conditions represented in Figure 9, the slope of the underflow 
operatirig line passing tangent to the settling . flux curve and through 
the state point is equal to 3.7 m/day. Consequently, any underflow 
rate less than this value could cause· a thickening overload. It 
should be noted that in most activated sludge trea~ment plants, the 
underflow from the clarifier is divided into the waste flow and the 
recycle flow, but the waste flow is usually such a small percentage 
' of the underflow and is insignificant when speaking of the clarifier 
underflow. Therefore, for the remainder of this presentation, the 
terms underflow and recycle flow will be used synonymously to mean the 
underflow from the experimental settling columns. 
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Table 2 summarizes the experimental program which was usedo 
Overflow rate was held constant and the feed rate, underflow rate 
and· percent recycle is listed for each respectiv.e experimento 
Percent recycle ·is the only variable in the experimental programo 
Note that in experiments 1 and 4 the operating conditions are 
identical for each column. Thus, experiments 1 and 4 are replicate 
experiments which were used for an estimate of experimental 
error. 
Description of Experimental Units 
The experimental model ·clarifiers were acrylic plexiglass 
columns 20.3 cm in diameter and 3.0 meters tall. The center feedwell 
was 6.35 cm in diameter and extended 1 meter below the free water 
surface at the weir overflow. The effluent overflowed through a 
weir crown consisting of a series of 90° degre~ V-notch weirs. 
In addition, a stirring rake operating at one rpm was utilized to 
avoid coning problems at the base of the columns. Details of the 
experimental columns are shown in Figure 10. 
Both feed and underflow rates were controlled by variable 
speed Masterflex positive displacement pumps. A Model 7018 was 
used to feed the units and a Model 7015 was used for solids underflow 
withdrawal. The desired overflow rate .was simply the difference 
between the feed rate and the underflow rate. In addition, each 
settling column was operated independently with its own feed and 
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Figure 10. Side-by-Side Experimental Settling Columns. 
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underflow pump, and each pump was equipped with a tachometer to 
facilitate flow control a 
The feed mixed liquor suspended solids were stored for prolonged 
periods of time during the experiments. The reservoir used was a 
4 5 0 l i t e r p 1 as t i c cy 1 i n d r i cal cont a i n er . Ae rat i on . and comp 1 et e mi x 
were accomplished by a coarse air diffuser constructed from PVC pipe 
and fittings and an air compressoro Feed suction tubes were 
suspended in the lower half of the reservoir. Each settling column 
received the same feed slurry. 
Unlike the normal configuration of an activated sludge treatment 
plant, the aeration basin and settling columns were not coupled by 
the recycle stream. In contrast, all of the underflow solids, as well 
as overflow effluent, were directly wasted. It was felt that this 
system arrangement facilitated accurate control of a constant 
suspend~d solids feed concentration and reduced the time period 
required to reach a steady-state condition of operation. 
Description of Experimental Procedure 
Identical preliminary and column start-up procedures were 
employed for every experiment: 
1. Transfer activated sludge mixed liquor from UCF 
treatment pl ant to column · feed reservoir by using 
screw-type pump and garden hoses, and com~letely 
fi 11 feed reservoir. 
2. Start up feed reservoir aerator and leave on for 
duration of entire experiment. 
3. Completely fill the settling columns with tap water. 
39 
4o Initiate mixed liquor suspended solids feed from 
reservoir to both settling columns and set pump at 
desired feed rate. 
5a Initiate solids withdrawal pump from both settling 
columns and set at desired underflow ratec 
60 Initiate operation of stirring rake in both settling 
columns. 
7. Continue operation until steady-state is attained 
(8 hours). 
8. Collect replicate samples for characterization of 
steady-state. 
Previous data for each of the pumps was collected and a curve 
representing a relationship between pump speed and flow rate was 
constructed. By using these curves and the pump tachometer, the 
initial pump flow rate could be set. Then, the flow rates were 
accurately measured using a graduated cylinder and a stopwatch. 
Overflow effluent samples were collected by placing the suction 
line of a variable speed positive displacement pump directly within 
the top weir at a point just below a weir notch . . The underflow was 
sampled directly from the underflow pump discharge. Effluent and 
underflow samples were taken at every hour up to and including the 
8-hour steady-state time. Between sampling times, the overflow 
and underflow rates were accurately measured and adjusted to their 
desired rate if needed to be observed. Once the underflow rate 
was set, the desired overflow rate was · maintained by increasing or 
decreasing the feed rate. 
40 
At the 8-hour point in time after start up, the effluent, 
underflow and feed mixed liquor were sampled to characterize steady-
state operations. The number of replicate samples was 10, 5 and 
3 for the effluent, underflow and feed samples, respectively. Since 
the sample mean approaches the true population mean as the number 
of replicate samples increases, 10 replicate samples were utilized 
to determine the steady-state effluent suspended solids concentrations 
during each experiment. Effluent samples were most important at 
this point in time because they would be used for evaluation of 
clarifier performance. Steady-state underflow and· feed suspended 
solids concentrations were not used to determine clarifier perfor-
mance, therefore, fewer replicate samples wer~ utilized. Effluent 
and underflow suspended solid samples were collected first, then the 
feed samples were collected directly from the feed pump discharge 
line. After each sample was collected, it was placed in a 
refrigerator at approximately 60 C until the suspended solids 
analysis was performed. 
The samples were analyzed for suspended solids · within 24 hours 
after time of collection. Each s.ample was vacuum filtered through 
a pre-washed and pre-weighed 1.0 micron glass fiber filter pad 
(Whatman GF/C). ·The filtered samples were placed in an oven and 
dried overnight at 1050 C. The following day, the solid laden 
filter pads were removed from the oven, placed in a desiccator for 
cooling (30 minutes), and then weighed to determine the dry solids 
weight. Analytical procedures presented in Standard Methods (1971) 
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were followed. Sample sizes for experimental analysis were 1000 ml, 
and 10 or 15 ml for the effluent, feed and underflow samples, 
respecti.vely. The schedule for sampling and sample size is summarized 
in Table 3. 
LOCATION 
Effluent 
Un de rfl ow 
Feed 
TABLE 3 
SAMPLING SCHEDULE FOR EACH COLUMN 
DURING AN 8-HOUR STEADY-STATE EXPERIMENT 
1-7 HR SAMPLES 8 HR SAMPLES . SAMPLE SIZE 
FREQUENCY NUMBER NUMBER (ml) 
hourly 1 10 1000 
hourly 1 5 15* 
none - 3 15 
* 15 ml samples were preferred, however 10 ml samples were 
used when solids concentration was high. 
CHAPTER V 
RESULTS AND DISCUSSION 
Experimental Results 
The results from all five experiments are tabulated in tables 
3 and 4. Table 3 lists the effluent, feed and underflow suspended 
solid_s concentrations for each column in each experiment .. These 
values represent their respective steady-state concentrations at 8 
hours after start of the experiment. Table 4 lists only the steady-
state effluent suspended s.olids ·concentration for each settling 
column in each experiwent, as well as the difference in effluent 
suspended solids concentrations in each experiment. The respective 
percent recycle values are also listed in tables 4 an~ 5. Appendix 
A contains the raw data from the entire experimental program. 
Both experiments 1 and 4 were replicate experiments for estimation 
of experimental errors. In this context, replicate experiment units 
require that both settling columns were operated id~ntically. The 
difference_ in effluent suspended solids between columns A and B for 
for experiments 1 and 4 were 0.02 mg/l .and 0.07 mg/l, respectively. 
These replicate values indicate ·a high degree of similarity between 
columns A and B. Because the settling 'columns were operated 
identically, the effluent suspended solids differences for experiments 
1 and 4 are presumed to result from the uncontrollable experimental 
error dependent on the ability to identically sample each column, the 
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precision of laboratory instrumentation and the precision of 
laboratory procedureso 
The underflow rate was varied 100% in experiments 2 and 3 and 
varied 75% in experiment 5. The differences between effluent 
suspended solids concentrations for settling columns A and B for 
experiments 2, 3 and 5 were 0.65 mg/l, 0.40 mg/l and 0.17 mg/l, 
respectively. The effluent suspended solids differences are observed 
to be much greater than those obtained from the replicate experimentso 
This data suggests an effect on the effluent suspended solids 
concentration due to a difference in underflow rate. 
The data is represented graphically with all 10 data points 
plotted in Figure· 11. The solid line is a linear least-squares fit 
of the data points utilizing percent recycle as the independent 
variable and effluent suspended solids as the response variable. As 
indicated by the figure, there was a slight increase in effluent 
suspended solids concentration when percent re~ycle is increased. 
Another point of recognition in Figure 11 is the data from the 
replicate experiments. The steady-state effluent su~pended solids 
concentrations were much greater in experiment 1 than in experiment 
4. This is a clear indication of time dependent settling 
characteristics of the activated sludge mixed liquor, and is the 
principal reason why the use of a paired data analysis provides 
greater sen-sitivity for determination of the significance of the 
independent variable. 
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General Comments 
During all experiments, the overflow rate was 200 gal/sq ft-day, 
and the settling columns were operated in an extremely underloaded 
condition in which the thickened sludge blanket only rose about 15 
to 20 cm above the column floor. In addition, the dilute solids 
blanket extended from the top of the thickened sludge blanket to a 
point approximately 12 cm below the bottom of the center feedwell. 
In all experiments, there was a visible dispersion of sludge particles 
in the clear zone which extended -from the top of the dilute solids 
blanket to the free surface of the water at the weir notch. Again, 
it is noted that overflow rate used in the ·experiment is much lower 
than those · observed in practice. 
In experiments 2, 3 and 5, the experimental settling column 
which was operating at the greater recycle ratio was observed to have 
an effluent with a higher concentration of suspended solids. These 
results indicate. that when the recycle rate of a secondary clarifier 
is increased, an increase in effluent suspended solids should be 
expected. 
Several problems were encountered while operati~g the experimental 
settling columns. Maintaining the feed flow rate and underflow rate 
at a constant value throughout the ~-hour experiment was more 
difficult than anticipated. The overflow rate and underflow rate 
required continual monitoring during the entire· experiment since 
minor fluctuations were repeatedly observed. This task demanded most 
available free time between sampli~g because the stopwatch and graduated 
cylinder method was quite unsophisticated and slow, although quite accurate. 
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A second problem encountered was occasional obstruction of the 
solids underflow suction hose. At least once during each experiment, 
one or both column suction lines became obstructed at some point 
in the experiment. ·.In each obstruction incident, a sol·id particle 
became lodged in a suction line coupling or connector, causing 
interruption of the solids underflow stream and temporary flow 
stoppage. To rectify the situation, the underflow pump was stopped, 
the suction line was pulled apart, the particle was removed, the 
suction line was reassembled, and underflow pumping was reinitiated. 
This action was then followed by immediate flow calibrationo 
Although the feed MLSS was screened as it was withdrawn from 
the UCF aeration basin, these smaller particles were able to pass 
through the screening and cause experimental problems. When a 
watchful eye was kept, the entire obstruction incident only lasted 
a matter of seconds. 
Development of Statistical Analysis 
Although preliminary examination of the experimental results 
has provided some insight, a more sophisti~ated approach will be 
presented to determine the significance of the results. This approach 
utilizes statistical methods to ensure careful analysis and 
proper interpretation of the data. The analysis of variance 
technique, in conjunction with the replicate samples · as an estimate 
of experimental error, shall serve as the working tool in the 
statistical approach. The following discussion is adopted from 
Mendenhall (1971). 
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The Linear Model 
For any set of experimental data consisting of one independent 
variable, x, and one response variable, y, a two-parameter linear 
model can be constructedo The model prediction equation is stated 
as: 
A A A 
(8) 
where y is the predicted value of the response variable, and B and 
o 
B1 are parameter estimateso 
Utilizing a set of data and a set of equations, which are 
based on the principle of least squares, predictions of the value of 
B
0 
and B1 can be made . . This method .is called Linear Least-Squares 
Fit of input data. 
In the least-squares method, the linear model minimizes the sum 
of squares of the deviations of the observed ·values of the independent 
variable from those predicted. Expressed mathematically: 
SSE = (9) 
is minimized. The term SSE labels the sum of squares of deviations 
or, as commonly ~alled, the error sum of squares. 
Analysis of Variance 
The variability of a set of measurements is proportional to the 
sum of squares of deviations from the sample mean, or 
50 
n 
TSS = L (y. - y) 2 
i=l l 
(lo) 
where y is the sample meane TSS is known as the total sum of squares 
of deviations, and when di.vided _by the appropriate degrees of freedom 
(n-1), is an estimate of the sample variance, s2 0 
In the analysis of variance, the TSS is divided into respective 
parts which are attributed to one of the independent variables in the 
experiment, plus a remainder that is associated with random error. 
If a model were written for the response, then the portion of the TSS 
assigned to error would be SSE. However, an alternate method to 
estimate SSE which utilizes replicate experimental units was employed 
in this research program. 
The portion of the TSS attributed to any independent variable is 
labeled the SST, the treatment sum of squares. TSS, SST and SSE 
are related mathematically as follows: 
TSS = SST + SSE ( 11 } 
Thus, the SST . can be determined as the difference between TSS and 
SSE. As indicated by Mendenhall (1971), TSS, s.sT and SSE in equation 
(11} may be divided by an appropriate degrees of freedom. By doing 
this, each of the terms is converted to its respective mean square. 
As previously noted, TSS divided by its degrees of freedom becomes 
the sample variance. SST and SSE divided by the respective degrees 
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of freedom becomes mean square for treatments, MST, and mean square 
f o r e r ro r , MS E , res pe ct i v e 1 y . 
When an independent' variable is highly related to the response, 
SST for the independent variable will be inflated. Using an F-test, 
this condition can be detected by comparing the estimate of MST to 
MSE. If the estimate of MST is significantly larger, the F-test will 
reject the null hypothesis (no effect for the indepen_dent variable) 
and produce evidence to indicate a relation to the response. On the 
other hand, when t~e null hypothesis is true, MST and MSE will estimate 
the same quantity and should be of the same magnitude. 
The assumption underlying the analysis of variance is that 
experimental errors are random, independently and normally distributed 
about a zero mean and with a common variance {Steel and Torrie 1960). 
In other words, when the treatment has no effect on the response, the 
treatment variation will only occur as a result of random -error, and 
MST will approximately equal MSE. Indeed, when both populations are 
normally distributed, it can be shown that MST and MSE are independent 
in a probabilistic sense and 
MST 
F = MSE 
follows the F probability distribution · (Mendenhall 1971). 
(12) 
Disagreement with the null hypothesis is indicated by a large value 
of F and hence the rejection region for a given a.is: 
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F ~ Fa 
Thus, the analysis-of-variance test results in a one-tailed F test. 
Th~ degrees of freedom for the Fare those associated with MST 
and MSE. 
In the eiperimental program at hand, the data is sufficient to 
determine TSS and SSE. The treatment (independent variable) is the 
difference in recycle ratio between column A and column B, and the 
degrees of freedom associated with MST is one. The only deviation of 
the statistical analysis from the proceeding discussion is one which 
utilizes the data from the replicate experiments. In fact, the 
function of replications is to provide an estimate of experimental 
error (Mendenhall 1971, Steel and Torrie 1960). A pooled variance of 
replicate experiments 1 and 4 was used to estimate the value of 
MSE. However, the value of SSE obtained from equation (9) was still 
used for calculatinq SST. 
Using the experimental data and methods previously described, 
the values in Table 6 were generated. Equation (10) was used to 
determine the total sum of squares and equation (9) was used to 
determine residual sum of squares. Recall that equation (9) 
determines error sum of squares. However, to avoid confusion in 
Table 9, the value from equation (9) was labeled residual sum of 
squares, and the error estimate using the replicate experiments is 
labeled error sum of squares. The calculated F value using the data 
equals 63.41. The tabulated F(.05, 1, 2) is equal 18.50 (see 
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TABLE 6 
ANALYSIS OF VARIANCE DATA FOR EXPERIMENTAL PROGRAM 
ANALYSIS OF VARIANCE 
Hypothesis: B1 - O 
Total Sum of Squares= 0.1153 
Residual Sum of Squares = 0.0313 
Treatment Sum of Squares = 0.0840 
Treatment Degrees of Freedom = 1 
Treatment Mean Square = 0.0840/1 = 0.0840 
Error Sum· of Squares = 0.00265 
Error Degrees of Freedom = 2 
Error Mean Square = 0.00265/2 = 0.00133 
F(calculated) = 0.0840/0.00133 = 63.41 
F(0.05, 1, 2) = 18.5 
CONCLUSION: There is sufficient evidence to r~ject 
hypothesis that B1 = 0. Thus, conclude that recycle rate does significantly 
effect effluent suspenqed solids. 
54 
Appendix B)o Therefore, the null hypothesis is rejected and it is 
concluded that recycle rate significantly effects effluent suspended 
solids. 
Discussion 
The obtained results are consistent with those from a study by 
Cashion et al o (1979) in which F/M control strategies for the activated 
sludge process were investigated. Cashion et al. observed that, when 
recycle control was used to regulate F/M in a pilot plant aeration 
basin, the effluent _quality was degraded with respect to particulate 
matter even though benefits were obtained with respect to soluble 
organics. The authors concluded that hydraulic transients on the 
activated sludge system during recycle control were responsible for 
degrading the effluent with respect to suspended solids. 
The results from this study have shown that recycle rate has a 
significant effect on clari·fier performance with respect to 
clarification, and effluent suspended solids increase as recycle 
ratio increases. Although the implication by Cashion et al. (1979) 
that hydraulic transients are responsible for degrading effluent 
quality with respect to suspended solids may be applied, there is 
a second reason which may be suggested as being responsible for 
the obt~ined results of this experiment. 
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For any given activated sl .udge solids slurry, the particle 
distribution within the_ slurry is comprised of solids with var~ing 
sizes and ·densities. As a result, the ·slurry contains particles 
with different settling velocities; and a certain percentage of the 
total number of particles has a settling velocity which is less than 
the clarifier overflow velocity. From this, it can be hypothesized 
that those particles with settling velocities less than the clarifier 
overflow velocity will _be washed over the weir with the clarifier 
effluent. Any action which increases the number of particles with 
the low settiing velocities in a clarifier may degrade the effluent 
with respect to suspended solids. 
In the experimental program, a change in feed rate to the 
settling columns was associated with each change in recycle ratio 
when the overflow rate remained fixed. When the recycle ratio was 
increased, the feed rate was also increased. 
Intuitively, increasing the settling column feed rate means 
increasing the solid mass flow. Assuming that the percentage of 
particles with the low settling velocity has remained unchanged 
within the total particle distribution, the increased feed rate 
transfers an increased number of these low settling velocity particles 
to the clarifier as well. Once leaving the bottom ·of the feedwell, 
the particles are free to enter the clear zone and ult1mately wash 
over the weir. 
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In a conventional activated sludge system which is operated 
similar to the experimental apparatus, this type of particle settling 
velocity phenomenon may be partly responsible for the presence of 
so l i d s i n the e f fl u en t .. So 1 i d s i n the e f fl ue n t of any con vent i on al 
activated sludge clarifier are probably due to an interaction of 
several variables such as sludge settling characteristics, feed 
concentration, overflow rate and turbulence.. Individually, a number 
of variables simultaneously influence the overall performance of 
the final clarifier. 
The above discussion closely parallels the conclusions of a 
study by Tuntoolavest et al. (1983) in which a pilot-scale activated 
sludge plant w~s used to evaluate the factors affecting the 
clarification performance of final settlers. It was concluded that 
the quality of effluent leaving an activated sludge settler is 
determined largely by the amount of dispersed solids enter~ng the 
settler, and any action that acts to increase that amount is likely 
to cause a deterioration in effluent quality. 
Indeed, increasing the clarifier feed rate increas.es the number 
of disp~rsed particles being transferred to the settling basin. 
Commonly, the dispersed particles are most likely to have the lowest 
settling velocity. Therefore, the conclusion of Tuntoolavest et al. 
(1983) is in agreement with the results of this study. In addition, 
a study by Chapman (1983) revealed similar results. Using a pilot-
scale activated sludge process, Chapman observed that an increase 
in clarifier feed flow from an increased recycle rate resulted in 
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deterioration of effluent quality with respect to suspended solids. 
Though Chapman did not expand on reasons for this interaction, his 
results parallel those of this experimental program. 
CHAPTER VI 
CON CL US IONS AND ENG! NEERING SI GNI FI CANCE · 
Conclusi ens 
After utilizing side-by-side experimental settling columns 
operated with recycle ratios in the range of 50% to 200%, it was 
observed that settling column performance with respect to clarification 
efficiency was strongly influenced by the underflow rate. In 
addition, the data analysis confirms that recycle cont~ol effects 
clarification performance of the columns in a statistically significant 
manner . Therefore, it is concluded that the steady-state performance 
of an activated sludge final clarifier is strongly related to recycle 
rate, and the recycle control may degrade the effluent quality with 
respect to suspended solids. 
Specifically, the data indicates that an increase in recycle 
ratio results in an increase in effluent suspended solids. Thus, it 
is also concluded that an increase in recycle rate of any , given 
activated sludge process will increase the effluent suspended solids 
concentration of that process. 
Lastly, recycle rate should be minimized, with respect to 
thickening, in any activated sludge process. The optimum recycle 
rate for an activated sludge process is dependent upon the limiting 
solids flux. The optimum rate is the lowest recycle rate which can 
maintain an underloaded condition with respect to solids in the 
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clarifier. No attempt should be made to minimize the recycle rate 
so that a clarifier overload occurs and the dilute blanket propagates 
upward over the weir. 
Significance to Design and Operation 
The results of the study contain several implications for the 
design of final clarifiers and operation of activated sludge plants. 
Biosolids inventory control procedures which include adjustment of 
recycle rates have been suggested to maintain underloaded conditions 
in the final clarifier. As previously discussed, this concept 
is known as state point control. When normal daily flow 
increases are experienced and the dilute blanket rises in the 
clarifier, operators often counter the rising blanket by increasing 
the sludge recycle rate. 
The results from this research suggest that increasing the 
recycle·rate deteriorates the effluent quality with respect to 
suspended solids. Therefore, it ~ay not be prudent to increase the 
sludge _recycle rate during short-term flow surges, but rather 
allow the system to continue operating without any control strategy 
changes. The deterioration of effluent quality when recycle rate 
control is employed may be more severe than the deterioration 
experienced when no control is utilized. In contrast, long-term 
flow surges are more severe, and avoidance of control strategy 
changes may not be possible without experiencing severe deterioration 
of effluent quality. 
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With respect to design practice, the results suggest that 
clarifiers should be designed £0 that sludge recycle rate or 
utilization recycle control strategies are minimized. 
with larger volumes may be able to store more solidso 
Clarifiers 
The most 
economical way to increase clarifier volume is to increase depth; 
and an increased depth is also favorable during times of rising 
sludge blankets and overloaded conditions (Dietz and ·Huguenard 1984). 
If an increased depth was incorporated during clarifier ~esign, 
the need to increase the sludge recycle rate during flow surges may 
be eliminated for relatively minor flow surges and only a small 
increase in recycle rate may be needed during a severe fl ow surge D In 
addition to a superior effluent quality, other benefits may be realized 
when sludge recycle rates are minimized. Lower recycle pumping costs 
are experienced and a more concentrated sludge recycle stream is 
produced when recycle pumping is minimized. Consequently, the 
increased capital cost to provide more clarifier depth may be 
recovered as savings are realized from reduced pumping costs and 
more efficient solids handling. 
Finally, it should be noted that activated sludge treatment 
plants must be designed to allow high sludge recycle rates. Even 
though the results of this research showed that low recycle rates 
are more desirable, unusual -situations at activated ~ludge plants 
may arise which could warrant the use of high sludge recycle rates. 
Such situations could be severe cases of poor settling sludge or 
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long-term elevated plant influento Therefore, the capacity to 
recycle high volumes of sludge must be available from any activated 
sludge plant design ~ 
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TABLE 17 
THE F-DISTRIBUTION *-P(F*) = 0.95 
n2/n1 1 2 
1 161.45 199 .. 50 
2 18.513 19.000 
3 10.128 9.5521 
4 7.7086 . 6. 9443 
5 6.6079 5.7861 
6 5.9874 5.1433 
7 5.5914 4.7374 
8 5.3177 4.4590 
9 5.1174 4.2565 
SOURCE: Himmelblau 1970. 
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